Abstract -We present inelastic neutron scattering measurements of the dynamics of helium adsorbed on carbon nanotube bundles. The goal is to determine the vibrational properties of the 1D and 2D quantum solids that are stabilized on the nanotube bundle surfaces at different fillings of 4 He. The mean square vibrational amplitude in the 1D solid is large with a Lindemann ratio of γ1D = ( u 2 ) 1/2 /a1 = 0.25 comparable to bulk solid 4 He. The γ2D is significantly smaller. The frequency density of states of the 2D solid, g(ω), has a gap at ω 0.75 meV consistent with a commensurate lattice. The 1D solid has no gap or a gap smeared by disorder. The 1D and 2D g(ω) are well described by dispersion curves having no gap and a gap, respectively, with some vibration along additional dimensions indicated.
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Introduction. -The fabrication of nanotubes has opened the possibility of creating one-dimensional quantum systems [1, 2] . Single-walled carbon nanotubes (SWNT) are nearly 1D structures of carbon atoms, tubes of 1 to 2 nm in diameter and 10000 nm in length. The nanotubes self assemble into bundles or ropes of typically 50 nanotubes. The nanotubes in the bundles have a triangular lattice cross-section as shown in fig. 1 . One-dimensional 4 He is predicted to form inside (I) the nanotubes, if the tubes are open, in the interstitial channels (IC) between the nanotubes in the bundles, or along the groove (G) sites between two tubes on the surface of the nanotube bundle [1] [2] [3] [4] . Figure 1 shows the structures of 4 He atoms absorbed on nanotube bundles observed by Pearce et al. [5] . At the lowest fillings the 4 He forms a line or 1D solid in the G sites between two nanotubes as shown on the LHS of fig. 1 . At somewhat higher fillings of 4 He, 55 cm 3 of 4 He at STP per g of nanotubes (cm 3 /g), the 4 He forms three lines along the grooves, which is also a 1D solid (the middle frame of fig. 1 ). The average lattice spacing of the 1D solid 4 He adsorbed on a carbon nanotube bundle surface at three helium coverages showing: 1D lines (LHS), three-line phase (also 1D) (middle) and a 2D monolayer (4 wt%) (RHS) (from ref. [5] ).
is a 1 = 3.40 ± 0.02Å. Recent Monte Carlo calculations [4] confirm this spacing. No occupation of the I or IC sites was found. At monolayer completion (220 cm 3 /g), the 4 He forms a 2D monolayer over the bundle surface in a 2D triangular lattice with spacing a 2 = 3.63 ± 0.03Å. The a 2 spacing actually decreased somewhat with filling suggesting a compression of the lattice with filling, from a 2 = 3.68Å at 150 cm 3 /g to a 2 = 3.57Å at 220 cm 3 /g. At monolayer coverage, the 4 He makes up 4 At. Wt% of the sample.
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Nearly 1D quantum systems can also be created in cold Bose and Fermi gases confined in cigar-shaped traps where, for example, Anderson localization in 1D has recently been demonstrated [6, 7] . Liquid 4 He confined in long, narrow channel, porous media also show 1D character at low temperature where 1D phonons are the only excitations [8] [9] [10] . With the creation of these 1D systems, the validity of fundamental concepts of statistical mechanics in 1D can be tested [11] [12] [13] [14] [15] [16] . With 1D
4 He on nanotubes, specific models of 1D absorption on the G-sites can also be tested [2, 3, 5] . At higher coverage, models of 2D absorption [17] can be investigated.
The goal of the present measurement is to investigate the dynamics of the 1D and 2D crystalline solids on carbon nanotubes. The nanotube bundles contain disorder and imperfections which particularly affect the 1D phase. For example, the corrugation of the potential along the grooves seen by the 4 He atoms depends on the relative orientation and diameter of the two adjacent nanotubes. The relative orientation is random. As a result, the magnitude of the potential barrier between potential minima along the grooves varies from nearly zero to 40 K [3] . A distribution of vibrational amplitudes and frequencies is therefore anticipated. The nanotubes also have defects which lead to further variation in the vibrational amplitudes and frequencies. The present nanotubes have a 7% metallic content and there is some graphite powder along with the bundles.
With these caveats, we find that the mean square vibrational amplitude of the atoms in the 1D solid is large, u 1/2 /a 1 = 0.25. The vibration is chiefly along the groove. This γ 1D is comparable to the 3D γ = 0.3 in bulk solid helium near melting [18] . The u 2 2D in the 2D solid is significantly smaller. The vibrational density of states (DOS), g(ω), of the 2D solid shows a well-defined gap at ω 0.75 meV indicating a commensurate solid as found [19, 20] for 3 He and 4 He on graphite surfaces with a gap energy of 0.94 meV. The 2D g(ω) is well fitted by a phonon dispersion curve with a gap with some vibration along a third dimension indicated. In contrast the 1D DOS shows either no gap or a gap broaded or smeared by disorder. The 1D g(ω) is well fitted with a phonon dispersion curve with no gap but some 2D character is indicated.
Below, we describe the nanotube sample and experimental method, present the results and discuss them in the context of calculations for ideal 1D and 2D solids, the potential surfaces of 4 He on nanotubes and results for 4 He on graphite.
Experiment. -The 2.7 g sample of Bucky Pearl TM closed end SWNTs, purchased from Carbon Nanotechnologies Inc. [21] , was the same as used in ref. [5] . It was grown using the HiPCo process which produces SWNTs with a distribution of diameters. Diffraction measurements [5] indicated an average nanotube-nanotube spacing of 13.3Å. The model which best reproduced the diffraction data consisted of (8, 8) nanotubes with the crosssection shown in fig. 1 . The nanotubes were baked under vacuum at 500 K for three days to remove any traces of water and transferred in a dry nitrogen atmosphere to a 20 mm inner diameter cylindrical aluminum sample cell. The sample cell was mounted in a standard helium-flow cryostat. Based on 4 He adsorption isotherms measured at T = 5 K at the start of the experiment, two different fillings were used for the neutron scattering measurements: 1) a 1D sample, which corresponds to the three-line phase shown in fig. 1 , was obtained by condensing (at T = 15 K) 55 cm 3 /g of 4 He gas at STP; 2) a 2D sample, which corresponds to a complete monolayer, was obtained by condensing (at T = 5 K) 190 cm 3 /g 4 He gas at STP. After condensation, the samples were cooled to a temperature of 2.77 K and 2.45 K, respectively.
The neutron scattering measurements were performed on the cold neutron time-of-flight spectrometer IN6 at the Institut Laue-Langevin. An incident wavelength of 4.1Å was used which gave an energy resolution (full width at half maximum) of 0.17 meV. The range of wave vectors and energy transfer was 0.28 < Q < 2.6Å
and −10.8 < ω < 4.2 meV, respectively. Standard routines were used for the data reduction [22] , which consisted essentially in subtracting the scattering from the nanotube sample without 4 He (at T = 2.77 K), normalization to monitor and a vanadium standard, corrections for detector efficiency, and transformation from time of flight to energy transfer. The resulting quantity, S(φ, ω), at scattering angle φ, was used for the data analysis rather than the dynamical structure factor, S(Q, ω), in order to avoid correlations between neighbouring detectors. This choice is justified by the non-dispersive nature of the frequency DOS. Consequently, Q values quoted here correspond to Q values at elastic energy transfer for each φ.
Results. -In fig. 2 we show the net scattering intensity from solid 4 He on nanotubes at two fillings, one corresponding to a 1D solid (the 3-line phase) and the other to a 2D solid (monolayer) on the bundle surface. Shown is the total net scattering S T (Q),
where S(Q, ω) is the dynamic structure factor, and the net elastic scattering S elas (Q),
where the limits ∆ 1 = 0.65 meV and ∆ 2 = 0.54 meV are asymmetric because of the shape of the instrument resolution function. The small difference between S T (Q) and S elas (Q) represents the net inelastic scattering at energies ω = 0. The S T (Q) and S elas (Q) are both dominated by S(Q, ω) at ω 0.
56005-p2 There is clearly large interference between the elastic scattering from the 4 He on the nanotubes and the elastic scattering from nanotube substrate. This interference leads to the negative net scattering intensity from 4 He for Q 1.5Å −1 shown in fig. 2 , for example. In contrast, the net inelastic scattering, the difference between S T (Q) and S elas (Q), is always positive and increases monotonically with increasing Q. This indicates no interference or coupling between the dynamics of the adsorbed 4 He and the dynamics of the nanotube substrate. In our following analysis we assume no interference between the dynamics of the 4 He and the dynamics of the nanotubes. The net inelastic scattering from the 4 He on the nanotubes is clearly weak. For this reason, we were not able to obtain accurate values of S(Q, ω) as a function of both Q and ω. We can, however, obtain values of S(Q, ω) integrated over Q or over ω. The top panel of fig. 3 shows the net inelastic scattering integrated over ω, S inel (Q), defined explicitly as
where ∆ 3 = 1.25 meV for the 1D and 2D 4 He solids. The S inel (Q) increases with increasing Q in each case but only the 1D data shows a maximum in S inel (Q) in the observed Q range.
To interpret S inel (Q) we assume that S(Q, ω) is dominated by the one-phonon creation term,
where d(Q) is the Debye-Waller (D-W) factor, ω qλ and qλ are the frequency and polarization vector for phonon of wave vector q and branch λ, δ is the Dirac delta function for vibration in a 2D plane. In each case the Q dependence of the one-phonon S inel (Q) is
To analyze the 1D data, we assume that the amplitude of vibration along the groove is much greater than that perpendicular to the groove. In this case we have a 1D mean square (MS) vibrational amplitude, u 2 1D . The 1D data in fig. 3 shows the shape given by eq. (5) with a maximum in S inel (Q) at Q 2.2Å −1 . From the position of this maximum, we find u is comparable to the γ = 0.3 of bulk 3D solid 4 He near melting. Since classical crystals melt at a Lindemann ratio of γ = 0.16, the large value of γ 1D = 0.25 shows that 1D 4 He on nanotubes is a quantum solid. Like the 3D solid 4 He, the solid is maintained by external pressure from the substrate. In the bottom panel of fig. 3 , we show a best fit of eq. (5) to the 1D S inel (ω), simply as an illustration of eq. (5). This fit is dominated by the many points at low Q and the fit does not capture the maximum in S inel (ω).
The S inel (Q) for the 2D monolayer shown in the top panel of fig. 3 does not show a maximum in the observed Q range. This suggests that u 2 2D in the 2D triangular lattice is significantly smaller than the u 2 1D in the 1D lattice. This smaller u 2 2D is consistent with the smaller γ 2D = 0.18 observed by Frank et al. [19] for a commensurate triangular lattice of monolayers of 3 He on graphite, although the lattice spacing on graphite, 4.26Å, is significantly larger. The Q 2 d 2 (Q) vs. Q for bulk solid helium at three molar volumes is shown in fig. 4 .3 of ref. [18] .
In fig. 4 , we show the inelastic scattering as a function of ω defined by
where Q 0 can be varied up to Q 0 = 2.5Å −1 . If we assume that S(Q, ω) is again dominated by the one-phonon creation term and that the nanotubes are randomly oriented with respect to Q, then eq. (6) represents a DOS, g(ω) = would cover approximately two Brillouin zones and should represent all reduced q vectors in eq. (4). However, since S 1 (Q, ω) increases rapidly with Q, as shown in fig. 3 , the integral in eq. (6) is dominated by the range 2.0 Q 2.5Å. With these caveats, we assume that S inel (ω) defined in eq. (6) and shown in fig. 4 , represents a frequency DOS weighted by ω −1 qλ for both the 1D and 2D solids. The S inel (ω) for the 2D lattice shows a gap at ω G 0.75 meV. The gap is identified by a peak in the DOS where the dispersion curve becomes flat and below the peak the DOS goes to zero. This indicates a commensurate 2D solid. The value of ω G is similar to the ω G 0.94 meV observed [19, 20] for both 4 He and 3 He commensurate triangular lattice monolayers on graphite, although, as discussed below, the nature of the present commensuration on nanotubes must be significantly different. Otherwise, the 2D S inel (ω) is approximately constant independent of ω, featureless and clearly extends to higher energies beyond our measured range.
The 1D S inel (ω) may have a gap at approximately ω G 0.75 meV or it may not. As discussed below, the calculations of Aichinger et al. [3] show that the barrier height of the confining potential for motion along the grooves varies from groove to groove. The barrier height depends on the relative orientation of the two nanotubes making up the groove and this relative orientation is random. Given this degree of disorder in the 1D confining potential a distribution of gap energies is anticipated so that a "smeared" gap may be being observed. Otherwise, again, the S inel (ω) is featureless and clearly extends to higher energies ω than we have investigated. Figure 5 shows the vibrational frequency DOS, which we define simply as g(ω) = ωS inel (ω), for the 1D and 2D solids. When there is an energy gap in g(ω), as in 2D, we anticipate a frequency dispersion curve of the form ω 2D (q) = ω G + αq 2 where α is a constant. This dispersion curve leads to a density of states at low frequencies of
where n = (d/2) − 1 and d is the dimension of the lattice.
In the upper panel of fig. 5 , the line is a fit of eq. (7) to the 2D g(ω) with ω G and n as adjustable parameters. The fitted value of ω G = 0.75 meV obtained for 2D agrees with the ω G value observed directly in the 2D S inel (ω) in fig. 4 . However, the best fit value of n is n = 0.45 rather than n = 0 expected for 2D. This indicates that there maybe some vibration along a third dimension as well as in the monolayer plane, e.g. along the dimension perpendicular to the 4 He monolayer surface. When there is no gap in the DOS, we anticipate a dispersion curve ω(q) = cq, where c is a constant, and a density of states of g(ω) ∝ ω n where n = (d − 1) at low ω. A fit of this g(ω) to the observed DOS for the 1D lattice is shown in lower panel of fig. 5 . The fit yields n = 1.33 ± 0.14. This indicates that there is some vibration along a second dimension in the 1D solid which is entirely possible in the "3 line" 1D phase. n with ωG and n as adjustable parameters, to the observed DOS g(ω) = ωS(ω) for 2D 4 He monolayers. Bottom: a fit of g(ω) = ω n , with n as an adjustable parameter, to the observed DOS for 1D
4 He (the three-line phase).
Discussion. -An ideal 1D line of 4 He atoms at T = 0 K forms a very dilute, weakly bound liquid [23, 24] . The minimum ground-state energy (GSE) is 1 = −1.7 mK at a saturation linear density of n 1 = 0.036 atoms/Å (average interatom spacing R = 27.8Å). Ideal 2D helium is also a liquid [25] with a GSE 2 = −0.87 K at a saturation areal density of n 2 = 0.04356 atoms/Å 2 . Bulk liquid 4 He has an observed GSE of = −7.17 K at an equilibrium density n 3 = 0.02186 atoms/Å 3 at saturated vapour pressure. The ideal 1D liquid exists from the spinodal density n 1 = 0.024 atoms/Å, where the liquid is unstable to a gas, to high densities of n 1 = 0.3 atoms/Å (R = 3.33Å) (under compression) where the pair correlation function shows crystalline like correlations [23, 24] . There is no longrange crystalline order in 1D. At n 1 = 0.3 atoms/Å, the energy per atom increases to 1 100 K, the high positive energy arising from He-He atom repulsion. Similarly, the excitation energies of ideal 1D
4 He are predicted to be single-particle-like, (k) proportional to k 2 , at low densities. At higher densities, the excitation dispersion curve takes a collective phonon-roton form with a roton energy of 3 K at n 1 = 0.2 atoms/Å. The roton energy in bulk liquid 4 He is 8.6 K at saturated vapour pressure. These ideal 1D and 2D 4 He liquids are very different from the solids we observe on nanotubes. Clearly the 4 He-nanotube interaction plays a critical role in determining the structure and excitations of 4 He adsorbed on nanotubes. Stan et al. [26] , Boronat et al. [27] and Boninsegni et al. [28] have proposed and investigated Henanotube potentials for He in IC nanotube sites. Broadly, the He interatom spacing is reduced to R = 4-15Å.
Aichinger et al. [3] have evaluated the GSE of a 4 He atom in the groove (G) sites between two nanotubes on the nanotube bundle surface which we find occupied here. A 4 He-nanotube groove ( 4 He-G) potential that varies along the groove axis (i.e. is corrugated) is found. The degree of corrugation of the potential along the groove depends on the relative orientation of the two tubes making up the groove and on their relative displacement along the bundle axis (say, the z-axis). There is a distribution of these orientations and displacements leading to a distribution of corrugations, from almost smooth (independent of z) to large amplitude barriers along the z-axis of 40 K. The repeat distance of the potential also varies but is typically 3-3.5Å. Thus commensurate 1D
4 He is expected but with a distribution of lattice spacings and of degrees of localization of the 4 He atoms to lattice sites. For a relatively smooth potential along the groove, the 4 He binding energy in the groove is typically −200 to −210 K for tubes of radius 4.5 to 8Å, i.e. largely independent of the tube radius for (7,7) to (10,10) nanotubes. Since the observed [5] spacing is 3.40Å, a significant 4 He-4 He repulsive energy is expected so that both the 4 He-G and 4 He- 4 He potentials are important in setting the binding energy (GSE).
In a recent Monte Carlo study, Gordillo [4] finds a lattice of 1D
4 He in the G sites of spacing 3.40Å, exactly the observed value [5] . A corrugated potential in the grooves with a distribution of barrier heights is also predicted. Thus a 1D solid (rather than a liquid) arises because of the 4 He-G potential and the 1D solid is expected to be commensurate with the groove potential but with a distribution of lattice spacings. Thus a gap in the 1D g(ω) is expected but with a distribution of gap energies. This is probably what is observed in fig. 4 in the 1D case. At higher fillings, Gordillo [4] predicts that a second liquid layer of helium will begin to form on the bundle surface before the first solid monolayer is complete. However, a completed monolayer in a triangular lattice is observed [5] before measurable formation of a second layer. The gap in g(ω) observed at a filling corresponding to a completed monolayer (2D) shown in fig. 4 is also consistent with a complete monolayer before the filling of a second (liquid) layer begins.
We have identified the present 2D monolayer as a commensurate phase because the DOS shows a gap at 56005-p5 0.75 meV. However, the nature of this phase is not clear. To sketch some of its features, we compare it to monolayers on graphite. 4 He and 3 He adsorbed on exfoliated graphite show both commensurate solid (CS) and incommensurate solid (IS) phases [17] . In the perfect CS phase, 1/3 of the graphite lattice sites are occupied by a helium atom. The 4 He atoms are well separated (4.26Å) and behave almost like independent Einstein oscillators at the center of a hexagon of carbon atoms. The CS phase shows a gap [19, 29] of 0.95 meV (or 11 K), the order of magnitude of the potential barrier between the graphite lattice sites. The IS phase forms at higher fillings with the IS phase stable in a triangular lattice at interatomic spacings ranging from 3.75Å to 3.27Å, the latter corresponding to monolayer completion. Thus, the complete monolayer on the present nanotubes (a 2 = 3.57Å) lies in the density range where an IS showing no gap might be expected.
However, the 4 He monolayer on nanotube bundles is different. Firstly the bundles provide weaker binding and a curved surface. The weaker binding is revealed in the heat of adsorption at the completion of the first and beginning of the second adsorbed layers [30] , which is lower than that for He/graphite. Secondly, there is the three-line phase in the grooves that is still there at 2D monolayer coverage. The three-line phase locks a line of atoms in place on each side of the curved nanotube surface. Between the grooves, the quasi-2D strips on the nanotube surface are only 6 atoms or so wide. These lines on each side may lock the monolayer of 4 He atoms to the nanotubes in a triangular lattice. This locking in turn would lead to a gap. This commensurate phase is quite different from the more familiar commensurate phases consisting of individual atoms locked to a substrate. Thus, while the nature of the 2D phase is not clear, the curved surfaces of the nanotubes, the reduced binding of the 4 He on singlewalled nanotubes and the three-line phase are expected to play an important role in determining its character. Further study to clarify the nature of this 2D CS would be interesting.
